Abstract-We propose a method for the suppression of relative intensity noise (RIN) at the output of a Raman polarizer, a special type of Raman amplifier that transforms an input weak beam of unpolarized light into an highly polarized amplified beam towards its output. We show that the RIN which is induced by polarization-dependent gain is suppressed whenever the Raman polarizer works in the depleted pump regime.
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T
YPICAL fiber optic Raman amplifiers operate in a regime such that polarization-dependent gain (PDG) is minimal, leading to approximately the same value of gain independently of the state of polarization (SOP) of the input signal beam. For many applications the insensitivity of Raman gain to the input signal SOP is a key advantage. The SOP of the signal beam at the output of these Raman amplifiers mostly depends on the input signal SOP only. Therefore whenever the signal beam is initially unpolarized, the output signal beam will also be unpolarized.
On the other hand, several optical devices (such as parametric amplifiers) would require highly polarized light emerging from a Raman amplifier. Recently proposed in [1] , the so-called Raman polarizers combine Raman amplification with the simultaneous repolarization of light. Namely, the outcoming signal beam is highly polarized, even in cases when the Raman polarizer is fed by unpolarized light. With respect to the simple alternative provided by a typical Raman amplifier followed by a passive polarizer, the Raman polarizer offers the possibility of all-optical control of the SOP of the output signal beam by means of varying the SOP of the pump beam. Raman polarizers require for their operation a highly selective PDG, so that a particular signal SOP is maximally amplified, whereas its orthogonal polarization component experiences virtually no amplification. This property makes a Raman polarizer analogous to a conventional passive polarizer. In particular, the output of a Raman polarizer suffers from strong RIN when fed by unpolarized light. In this Letter we demonstrate that operating a Raman polarizer in the depleted regime may result in efficient suppression of the output RIN. Note that this type of RIN is induced by the PDG, and it should not be confused with the RIN that is transferred to the signal from the fluctuating pump beam, [2] , [3] . From the practical point of view, fiber optic Raman polarizers differ from typical Raman amplifiers in that a peculiar type of gain fiber should be selected. Namely, a Raman polarizer requires a low polarization mode dispersion (PMD) fiber, i.e., with PMD coefficients lower than 0.02 ps , see [1] , [4] , [5] . The lower the PMD coefficient, the greater the PDG, the better the performance of the Raman polarizer, the worse the RIN induced over the signal. For practically achievable values of the PMD coefficient, Raman polarizers require pump power levels of the order of 5 W. Given the high gain of a Raman polarizer (which is ideally twice the gain of a typical Raman amplifier using relatively high PMD fibers) at the quoted high pump power levels, the associated length of a standard telecommunication gain fiber remains below 2 km. Note that the pump power requirements are eased when using gain fibers with yet lower values of the PMD coefficient. Indeed experiments in [6] were performed with a PMD coefficient as low as 0.0037 ps and pump power levels as low as 2 W.
Raman polarizers can operate in the copropagating pump regime as well as (see [5] ) in the counter-propagating pump configuration. Although computer-friendly theories of the -interaction in telecommunication (i.e., randomly birefringent) fibers for both geometries were recently developed in [4] , [5] , here we shall limit ourselves to the copropagating case. Detailed derivations can be found in [5] : here we only provide the final equation for the evolution of the Stokes vector of the signal beam:
where is the pump/signal power. The Stokes vector components are written in terms of the two polarization components and of the slowly varying signal field in the appropriate reference frame, as , ,
. Similar equations and definitions (with labels and interchanged) hold for the pump beam.
is the Kerr coefficient of the fiber at frequency of the signal beam; is the Raman gain coefficient; is the inverse group velocity of the signal beam; is 1041-1135/$26.00 © 2011 IEEE the fiber attenuation coefficient; ; . Details for the computation of the diagonal self-and cross-polarization modulation matrices and , diagonal Raman matrix , and coefficient can be found in [4] , [5] . We self-consistently numerically solved the equations for the pump and signal Stokes vectors with the following parameters of the telecommunication fiber: the beat length m, the PMD coefficient ps , the attenuation coefficient dB/km, the Raman gain coefficient W km , the fiber length 1.5 km. Also m and m, with as phase speed of light in vacuum. In all simulations, the input power of the CW pump beam W, its SOP was fixed at (0, 1, 0). The input CW signal power was varied between 0.05 mW and 10 mW. Let us first consider input signals with a time-oscillating SOP as defined by the relations The first example in Fig. 1(a) and (b) shows how the Raman polarizer repolarizes light. Input temporal variations of the polarization of the signal beam disappear at the device output, where the signal SOP is strictly aligned along the (0, 1, 0) direction. As expected, the output signal SOP coincides with the SOP of the pump beam, see [4] .
From the other hand, input signal polarization fluctuations coupled with PDG lead to RIN at the signal output. In fact the output power of the signal beam shown in Fig. 2(c) exhibits strong PDG-induced temporal variations. Such output intensity temporal variations also appear with an input power-stabilized CW signal beam. As it can be seen, the resulting RIN is well pronounced at low input signal powers, while it is heavily suppressed as the signal intensity grows larger. For the current parameters, the weakest input power in Fig. 1(c) corresponds to the nearly undepleted regime, while the strongest input power corresponds to the well depleted regime. This is the main message of this Letter, namely that the effect of pump depletion effectively suppresses the output RIN caused by PDG.
In order to quantify the effect of RIN, we computed two quantities of interest, both of which are shown in Fig. 2(a) and (b) . The first quantity is the output signal mean power , which is the signal power averaged over a relatively long time interval (e.g., ). Time is such that when averaged over this interval the input beam behaves as unpolarized light (i.e., its degree of polarization is vanishingly small). On this time scale the mean output power is steady in time: its value is shown in Fig. 2(a) as a function of the CW input power. For the characterization of RIN we may introduce the root mean square deviation (RMSD) as (5) and derive from it the coefficient of variation of the RMSD: namely, , which is a dimensionless quantity. Fig. 2(b) quantifies the RIN suppression effect with the increase of the signal power: the lower the CV (RMSD), the lesser the RIN.
Output RIN suppression in the depleted pump regime also takes place for input signal beams with time fluctuating (e.g., harmonically) power: (6) where is the modulation amplitude. As before, fluctuations of the signal SOP are also imposed on the input signal beam. Even in this relatively more complex case, the operation of the Raman polarizer in the depleted (or saturated gain) regime leads to significant RIN suppression at the device output, as demonstrated by Fig. 3 .
So far we discussed the amplification of CW signals, for which the signal-to-noise ratio (SNR) is not an issue. With pulsed signals, as in the flow of bits in a telecommunication link, operation of the Raman polarizer in the depleted regime leads to a degradation of the SNR. For example, in Fig. 4 we show the degradation of the extinction ratio with the increase of the signal power for a sequence of square pulses.
For a more quantitative analysis of the operation of a Raman polarizer as a function of the input signal power, we considered its action on a pseudorandom bit sequence (PRBS). We fixed the SOP of each bit in the PRBS input sequence, and varied it from bit to bit as described by (2)-(4) (for this example, the input signal SOP is changed in a step-like mannner in time intervals exactly equal to the duration of one bit). We then computed the -factor and associated bit-error rate (BER) (using the Gaussian approximation) by means of a standard receiver implemented in the Virtual Photonics Transmission Maker soft- ware. For a 10 Gb/s, PRBS composed of square-like return-to-zero pulses with 50 percent duty cycle, extinction ratios 20 and 30 dB, and different power levels, the -factor exhibits a characteristic hump structure as a function of the input signal power, see Fig. 5 . The optimal value results from a trade-off between the desirable equalization of the power levels of the ones, and the simultaneous unwanted degradation of zeroes, as the input power grows larger. Note that for the case of a 30 dB extinction ratio, the BER in the undepleted regime (below 0.1 mW) is above 0.004, while in the depleted regime for the optimal power level of 7 mW it drops down to . The significant degradation of the extinction ratio of the pulse sequence emerging from a Raman polarizer operating in the depleted regime shows that Raman polarizer can be used in a transmission line only once, for instance near its end.
In conclusion, we proposed a method for the suppression of the signal RIN at the output of a Raman polarizer which is induced by its PDG. The method works equally well for both CW and for pulsed signals.
